BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Transcription Arrest by a G Quadruplex Forming-Trinucleotide

Repeat Sequence from the Human c-myb Gene

Christopher Broxson, Joshua Beckett, and Silvia Tornaletti*

Department of Anatomy and Cell Biology, University of Florida, College of Medicine and UF Genetics Institute,

1600 SW Archer Road, Gainesville, Florida 32610, United States

ABSTRACT: Non canonical DNA structures correspond to genomic regions particularly
susceptible to genetic instability. The transcription process facilitates formation of these
structures and plays a major role in generating the instability associated with these genomic
sites. However, little is known about how non canonical structures are processed when
encountered by an elongating RNA polymerase. Here we have studied the behavior of T7
RNA polymerase (T7RNAP) when encountering a G quadruplex forming-(GGA), repeat
located in the human c-myb proto-oncogene. To make direct correlations between formation
of the structure and effects on transcription, we have taken advantage of the ability of the T7
polymerase to transcribe single-stranded substrates and of G4 DNA to form in single-stranded
G-rich sequences in the presence of potassium ions. Under physiological KCI concentrations,
we found that T7 RNAP transcription was arrested at two sites that mapped to the c-myb
(GGA), repeat sequence. The extent of arrest did not change with time, indicating that the
c-myb repeat represented an absolute block and not a transient pause to T7 RNAP.
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Consistent with G4 DNA formation, arrest was not observed in the absence of KCI or in the presence of LiCl. Furthermore,
mutations in the c-myb (GGA), repeat, expected to prevent transition to G4, also eliminated the transcription block. We show
T7 RNAP arrest at the c-myb repeat in double-stranded DNA under conditions mimicking the cellular concentration of
biomolecules and potassium ions, suggesting that the G4 structure formed in the c-myb repeat may represent a transcription
roadblock in vivo. Our results support a mechanism of transcription-coupled DNA repair initiated by arrest of transcription at

G4 structures.

Several naturally occurring DNA sequences can assume alter-
native (non-B) DNA structures as a result of transient DNA
structural changes occurring during normal cellular metabolism.'
Non canonical DNA structures have been implicated in numerous
cellular transactions.?”® In addition, non-B DNA structures have
also been recently shown to correspond to genomic regions
particularly susceptible to genetic instability.”'* Transcription
appears to play a central role in formation of these structures and
in the mutagenesis associated with these genomic sites.'>'*"> Tt
was shown that the Z-DNA forming sequence (CG),4 induces
large deletions in mammalian cells in a replication-independent
manner.'¢ Quadruplex DNA formation was reported to be
associated with transcribed G-rich regions located in the im-
munoglobulin heavy chain S regions undergoing somatic
hypermutation.'” Furthermore, mutagenic G-rich regions
with characteristic formation of extended RNA/DNA hybrids
have been described in Saccharomyces cerevisiae mutants depleted
of the THO/TREX complex, which is involved in mRNP
processing, and in chicken DT40 cells and human HeLa cells
depleted of the ASF/SF2 RNA splicing factor.'® >' Although
these findings suggest a correlation between transcription and
non-B DNA induced mutagenesis, little is known about the effect
of non-B DNA structures on the transcription process. Tran-
scription may facilitate recruitment of repair proteins at sites of
unusual structures as a result of transcription arrest and initiation
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of transcription coupled repair, a subpathway of nucleotide
excision repair initiated at lesions that block progression of
RNA polymerase II in vivo.**

To understand how non-B DNA structures are processed by
the transcription machinery, we have started to characterize
the behavior of RNA polymerases when encountering these
unusual structures. We have previously shown that a muta-
genic quadruplex DNA-forming sequence from the murine Sy
IgG repeat is a strong block to T7 and RNA polymerase II
transcription when located in the nontranscribed strand.****
The transcription block is dependent on formation of a G loop,
a structure generated by transcription through the G-rich
region that consists of a RNA/DNA hybrid in the transcribed
strand and a G-rich single-stranded region in the nontran-
scribed strand.'”

To establish direct correlations between the presence of G4
DNA in the transcription template and its inhibitory effects on
transcription, we have utilized an experimental approach that
takes advantage of the ability of T7 RNA polymerase to trans-
cribe single-stranded templates and of the absolute requirement
of KClI for formation and stability of G quartets, core structural
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Figure 1. DNA sequence used in this study. (A) (GGA), repeat region from the c-myb proto-oncogene; the three (GGA), repeats that fold into
G#4 structure are underlined: Region 1 (R1), Region 2 (Region 2), and Region 3 (R3); the location and size of the RNAs resulting from
transcription arrest at the c-myb repeat are marked on the sequence; the DNA bases spanning Region 1 and Region 2 are numbered 1 to 27.
(B) Schematic representation of a tetrad/heptad/heptad/tetrad (T:H:H:T) G quadruplex DNA structure formed between any two regions of the
c-myb GGA repeat sequence. Bases are numbered according to the sequence of Region 1 and Region 2 described in panel A. (C) Transcription
substrates and expected RNA products. DNA substrates for T7 transcription are obtained by annealing a 17 mer containing the minimal T7
promoter sequence with a 100 mer containing a sequence complementary to the T7 promoter followed by the c-myb G4-forming sequence at
position +19 from the transcription start site. Annealing of the two oligonucleotides in the presence or absence of KCl generates transcription
substrates in which the G4-forming sequence has folded or not into G4 quadruplex structure. Inhibitory effects on transcription caused by
formation of the alternative DNA structure are indicated by synthesis of short RNAs compared to full-length products. Three T:H:H:T G
quadruplex DNA structures can form in the c-myb repeat: R3-R2, R3-R1, and R2-R1. RNA sizes expected from transcription arrest at these

structures are indicated by arrows.

components of G4 DNA.>® Utilizing this approach, we have a well characterized G4-forming sequence located in the pro-
studied the behavior of T7 RNA polymerase when encountering moter of the human c-myb proto-oncogenem’27 (Figure 1).
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Table 1. Sequences Used in This Study (5'-3')

T7 promoter
5" TAATACGACTCACTATA-3'
c-myb100ts

5'-CGTAGAGGATCTCAGGAGAAAGAGGAGGAGGAGGTCACGGAGGAGGAGGAGAAGGAGGAGGAGGAAACAGGTTGATATCTCCCTATAGTGA-

GTCGTATTA-3
c-myblO0R1ts

5'-CGTAGAGGATCTCAGGAGAAAGAGCACGAGCAGCTCACGGAGGAGGAGGAGAAGGAGGAGGAGGAAACAGGTTGATATCTCCCTATAGTGA-

GTCGTATTA-3
c-myb100R2ts

5'-CGTAGAGGATCTCAGGAGAAAGAGGAGGAGGAGGTCACGCAGCAGCAGCAGAAGGAGGAGGAGGAAACAGGTTGATATCTCCCTATAGTGA-

GTCGTATTA-3
c-myb100R3ts

5'-CGTAGAGGATCTCAGGAGAAAGAGGAGGAGGAGGTCACGGAGGAGGAGGAGAAGCAGCAGGAGCAAACAGGTTGATATCTCCCTATAGTGA-

GTCGTATTA-3
c-mybl00R1-R2ts

5'-CGTAGAGGATCTCAGGAGAAAGAGCAGCAGCACGTCACGCAGCACGAGCAGAAGGAGGAGGAGGAAACAGGTTGATATCTCCCTATAGTGA-

GTCGTATTA-3
¢c-mybl100R1-R3ts

§'-CGTAGAGGATCTCAGGAGAAAGAGCAGCAGCAGCTCACGGAGGAGGAGGAGAAGCAGCAGCAGCAAACAGGTTGATATCTCCCTATAGTGA-

GTCGTATTA-3
c-myb100R2-R3ts

5'-CGTAGAGGATCTCAGGAGAAAGAGGAGGAGGAGGTCACGCAGCAGCAGCAGAAGCAGCAGCAGCAAACAGGTTGATATCTCCCTATAGTGA-

GTCGTATTA-3
¢-myb100ts

5'-CGTAGAGGATCTCAGGAGAAAGAGGAGGAGGAGGTCACGGAGGAGGAGGAGAAGGAGGAGGAGGAAACAGGTTGATATCTCCCTATAGTGA-

GTCGTATTA-3
c-mybl00Uts

S'-TAATACGACTCACTATAGGGAGATATCAACCTGTTTCCTCCTCCTCCTTCTCCTCCTCCTCCGTGACCTCCTCCTCCTCTTTCTCCTGAGA-

TCCTCTACG-3
GTG100ts

§'-CGTAGAGGATCTCTCGAGTCTTCTTCTGTGCACTCTTCTTCTGGATCCACAGGACGGGTGTGGTAAACAGGTTGATATCTCCCTATAGTGA-

GTCGTATTA-3
GTG100Uts

S’ “TAATACGACTCACTATAGGGAGATATCAACCTGTTTACCACACCCGTCCTGTGGATCCAGAAGAAGAGTGCACAGAAGAAGACTCGAGAGA-

TCCTCTACG-3
c-myb100nts

S'-TAATACGACTCACTATAGGGAGATATCAACCTGTTAGGAGGAGGAGGAAGAGGAGGAGGAGGCACTGGAGGAGGAGG -

AGAAAGAGGAGAGATCCTCTACG-3
c-myb100Lnts

§'-CGTAGAGGATCTCTCCTCTTTCTCCTCCTCCTCCAGTGCCTCCTCCTCCTCTTCCTCCTCCTCCTAACAGGTTGATATCTCCCTATAGTGA-

GTCGTATTA-3

B EXPERIMENTAL PROCEDURES

Proteins and Reagents. T7 RNAP was purchased from
Promega. Proteinase K was from Invitrogen. DNA oligonucleo-
tides were purchased from Midland. Highly purified NTPs were
purchased from Amersham Pharmacia Biotech. Radiolabeled
nucleotides were from MP Biomedical. Piperidine and dymethyl
sulfate (DMS) were from Sigma. Restriction enzymes were from
New England Biolabs.

Preparation of DNA Templates for Transcription. Synthetic
DNA templates for transcription reactions with T7 RNAP
consisted of single-stranded or double-stranded DNA oligonu-
cleotides. Single-stranded DNA substrates consisted of DNA
oligonucleotides in which a double-stranded T7 promoter region

was generated by annealing a 23 mer oligonucleotide of sequence
complementary to the T7 promoter sequence at the 3’ end of the
single-stranded oligonucleotide. The oligomers sequences are
listed in Table 1. T7 transcription substrates were obtained by
incubating S0 pmol of T7 primer with 50 pmol of 100 mer
oligonucleotide in a final volume of 10 4L for 3 min at 95 °C,
followed by slow cooling down to 37 °C, and further incubation
overnight at 37 °C. After the annealing step, samples were kept
at —20 °C. To induce G4 DNA formation, which is dependent
on the presence of potassium ions,” the annealing reaction was
carried out in 100 mM KCI. Control samples were incubated in
100 mM NaCl or 100 mM LiCl or in TE buffer. Similarly, double-
stranded DNA substrates were obtained by annealing 50 pmol of
c-myb100ts oligonucleotides with the complementary c-myb100Uts
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in the presence or absence of 100 mM KCI and concentrations of
polyethyleneglycol 200 up to 40%.”*

T7 RNAP Transcription Reactions. For single round tran-
scription reactions, the DNA templates (1 picomol) were
incubated at 37 °C for 5 min in a mixture of 50 units of T7
RNAP, 40 mM Tris-HCI (pH 7.9), 6 mM MgCl,, 2 mM spermi-
dine, 10 #Ci [a-**P] GTP, 10 mM dithiothreitol, 212 units of
RNAsin, 200 #uM ATP and UTP. Elongation proceeds in the
presence of ATP, UTP, and [a-**P] GTP until T7 RNAP
reaches the end of the C-less cassette (nucleotide 7), at which
the first CTP is necessary for incorporation. Heparin was added
at a final concentration of 250 ug/mL to prevent further initi-
ation®” ! and 200 UM CTP, UTP, and GTP was added to allow
elongation to continue. Incubation continued at 37 °C for
30 min. Reaction conditions for multiple round transcription
differed from those for single round only in that all four
nucleotides were included from the beginning of the transcrip-
tion reaction at a final concentration of 200 uM ATP, CTP, UTP,
20 uM GTP, and 10 uCi [a-**P] GTP. Reactions were stopped
by addition of 5 ug of proteinase K, 1% SDS, 100 mM TrisHCI
(pH 7.5), SO mM EDTA, and 150 mM NaCl, followed by
incubation for 15 min at room temperature. The nucleic acids
were precipitated with ethanol, resuspended in formamide dye,
and denatured at 90 °C for 3 min. The transcription products
were resolved on a 5% denaturing polyacrylamide gel in Tris
borate-EDTA containing 7 M urea. Gels were dried and auto-
radiographed using intensifying screens.

Transcripts were quantified using a Typhoon phosphorimager
and ImageQuant software from GE Healthcare. The extent of
arrest at R3, R2, or R1 was calculated by dividing the intensity of
the 19 nt, 34 nt, or 49 nt transcript band by the sum of the
intensity of the arrested and runoff RNA bands. For multiple
round transcription experiments, the extent of arrest was ad-
justed by the G content of the RNA transcripts.

Dimethyl Sulfate Protection Assays. 2.5 pmol of 100 mers
containing the G4 forming sequence were end-labeled with
[y-**P] ATP and polynucleotide kinase. They were then heat
denatured at 95 °C followed by slow cooling down to room
temperature in TE buffer in the presence or absence of 100 mM
KCI. The 100 mers were cooled down to 0 °C before being added
to a solution containing S0 mM sodium cacodylate (pH 7.0)
1 mM EDTA pH 8.0. Five uL of dymethyl sulfate were added and
left to react for S min at room temperature. The reactions were
stopped by addition of 1.5 M sodium acetate, pH 7.0, 1 M
p-mercaptoethanol, 1 mg/mL tRNA. DNA was ethanol precipi-
tated and resuspended in 1 M piperidine. After cleavage at 90 °C
for 30 min, reactions were stopped by chilling in ice followed by
ethanol precipitation. The samples were resuspended in 100 uL
of water and dried overnight in a speed vac concentrator. Samples
were resuspended in 4 uL of formamide dye followed by denatu-
ration for 3 min at 90 °C. The DNA samples were separated on
a 12% denaturing polyacrylamide gel in Tris borate-EDTA
containing 8.3 M urea.

B RESULTS

G4-Forming Sequences from the c-myb Proto-oncogene
Block T7 Transcription Elongation in a K'-Dependent
Manner. We have studied the effect of G4-forming sequences
on transcription elongation utilizing an approach that takes
advantage of the ability of T7 RNA polymerase to synthesize
RNA transcripts from single-stranded DNA molecules, when a

double-stranded promoter region is provided to initiate tran-
scription, and of the property of G4 DNA to form in single-
stranded DNA in the presence of KCI, which stabilizes G
quartets.”>>* By using this approach, we could promote the
transition to G4 DNA independently of the topology of the DNA
substrate and of the presence of active transcription along the
template DNA. Furthermore, by utilizing substrates in which the
G4-forming region was single-stranded we could eliminate the
possibility that any inhibitory effect on transcription resulted
from formation of alternative DNA structures other than G4
DNA, which is unique in its ability to form in single-stranded
G-rich regions in the presence of KCI. Therefore, by using this
approach we could make direct correlations between arrest of
transcription and presence of this structure in the DNA substrate.
Any inhibitory effect on T7 transcription would be indicated by
synthesis of RNAs shorter than the full-length runoff transcripts
(Figure 1C). Furthermore, since we know the location of the G4-
forming-sequence in our templates and we can map the size of the
transcription products, we can carefully determine where transcrip-
tion was arrested with respect to the non-B DNA structure.

Using this approach, we have studied the behavior of T7 RNA
polymerase when transcribing a well characterized G4-forming
sequence located at position +17 downstream of the transcription
start site of the human c-myb proto-oncogene ***” (Figure 1). It
was recently shown that this G4-forming sequence also plays a
regulatory role in c-myb gene expression.”” Therefore, it was
relevant to study the effect of this G4-forming-sequence on
transcription. This c-myb sequence consists of three d(GGA),
repeats: Region 3 (R3), Region 2 (R2), and Region 1 (R1)
(Figure 1A). The structure of a d(GGA), repeat has been
previously determined by nuclear magnetic resonance under
physiological K™ conditions,”**” where it was shown that d(GGA) 4
folds into a intramolecular G quadruplex consisting of a G:G:G:G
tetrad and a G(:A):G(:A):G(:A):G(:A) heptad (Figure 1B).
Two intramolecular quadruplexes form a dimer which is stabi-
lized through stacking interactions between the heptads of the
two quadruplexes (Figure 1B) to form a tetrad/heptad/heptad/
tetrad (T:H:H:T) quadruplex structure. On the basis of these
structural studies, it has been proposed that any two of the three
d(GGA), repeats located in the c-myb gene can fold into a T:H:
H:T structure (Figure 1B).>**” Evidence in support of this model
has been recently obtained by circular dicroism spectroscopy,
DNA polymerase, and RNA polymerase arrest assays and dimethyl
sulfate protection assays.”

Transcription templates were generated by annealing a 17 nt
long DNA oligomer corresponding to the minimal T7 promoter
sequence, to a 100 nt long DNA oligomer including the T7
promoter sequence at the 3’ end followed by the c-myb GGA
repeat located 19 nt downstream of the T7 RNA polymerase
transcription start site (Figure 1 and Table 1). To promote the
transition to G4 DNA structure, the 17 nt and 100 nt DNA
oligomers were annealed in the presence of 100 mM KCIL
Control samples were incubated under the same conditions
except that KCl was omitted from the annealing reaction.
DNA samples consisting of an identical DNA sequence except
that the G4-forming sequence was substituted with a random
DNA sequence devoid of adjacent G residues to impede G4
DNA formation were annealed under the same conditions.

As a negative control for our transcription studies, we utilized
GTG 100ts (Table 1), a sequence that we had previously shown
does not affect transcription elongation when located in
a plasmid construct downstream of the T7 promoter.’® When
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Figure 2. T7 RNA polymerase transcription on DNA substrates
containing the (GGA), repeat region from the c-myb gene. DNA
templates were transcribed in vitro such that the transcripts were
radioactively labeled. Elongation was allowed to proceed for 30 min at
37 °C after addition of NTPs to the reaction. Lanes 1 and 2: Control
transcription template (GTGts) obtained after annealing of a 17 mer
and a 100 mer in the absence (lane 1) or presence (lane 2) of KCI as
described in Materials and Methods. Lanes 6 and 7: Transcription
template obtained after annealing of a 17 mer and a 100 mer in the
absence (lane 6) or presence (lane 7) of 100 mM KCI to induce
formation of G4 structure in the c-myb repeat as detailed in Materials
and Methods. M: 10 bp DNA ladder. Lanes 3—5: 18, 19, and 20 nt long
RNAs synthesized from transcription of a 35 mer, 36 mer, and 37 mer
oligonucleotide DNA template of identical sequence as that of the 100
mer c¢-myb containing substrate were ran on a 12% denaturing poly-
acrylamide gel in parallel with RNAs generated from transcription of the
100 mer c-myb repeat containing substrate. M: 10 bp DNA ladder. Sites
of transcription arrest are marked with arrows. RO: runoff RNA.

the T7 transcription substrate containing this sequence was
annealed either in the absence or presence of 100 mM KCI, T7
RNA polymerase preceded until the end of the GTG 100ts DNA
template, resulting in formation of full-length RNA transcripts
(Figure 2, lanes 1—2). In addition, several shorter RNAs were
also observed, likely resulting from a decrease in T7 RNA
polymerase processivity when transcribing a single-stranded
substrate. However, no difference in the pattern of RNA tran-
scripts was observed when the transcription substrates were
annealed in the presence or absence of KCI. When the T7 trans-
cription substrate containing the c-myb repeat was annealed in
the absence of KCl, transcription proceeded until the end of the
DNA template, resulting in formation of full-length RNAs
(Figure 2, lane 6). However, when the T7 transcription substrate
containing the c-myb repeat was annealed in the presence of
100 mM KCl, the amount of full length RNA decreased
dramatically, with a concomitant increase of two shorter RNAs
(Figure 2, lane 7). These RNAs corresponded to 19 nt and 34 nt
long transcripts, as determined by running them in parallel with
RNA markers 18, 19, and 20 nt long, obtained from transcription
of DNA substrates 35, 36, and 37 nt long of sequence identical to
that of the c-myb DNA substrate (Figure 2, lanes 3—S5). These

RNA sizes are expected if T7 transcription is arrested 1 nt into
Region 3 and 1 nt into Region 2, respectively (Figure 1C).

Dimethyl Sulfate Protection Assays Implicate G4 DNA
Formation in the Mechanism of Transcription Arrest at the
c-myb (GGA), Repeat. Our finding that T7 arrest at the c-myb
repeat was dependent on the presence of KCl and that it occurred
on the single-stranded substrates suggested that the c-myb
(GGA), repeat had folded into G4, as previously observed by
others.”” To corroborate this possibility, we carried out dimethyl
sulfate (DMS) footprinting experiments, which are routinely
used to identify G4 DNA formed in single-stranded synthetic
oligonucleotides in vitro.** This assay is based on the property of
DMS to attack the N7 of guanine, which is accessible to DMS
methylation when it is present in single-stranded or duplex DNA
but not when it is paired to the exocyclic amino group of a
neighboring guanine in a G-quartet.*> As a result, the Gs in the
quartet are protected from methylation and subsequent piper-
idine cleavage compared to the unstructured control. Protection
from DMS methylation is visualized as a decrease in intensity or
absence of the corresponding G band after DNA separation on
denaturing polyacrylamide gels. When the oligonucleotide con-
taining the c-myb (GGA), repeat was treated with DMS and
piperidine, followed by 12% denaturing polyacrylamide gel
electrophoresis (Figure 3, lane 1), we observed bands of similar
intensity corresponding to cleavage at the Gs in the three GGA
repeats located in R1, R2, and R3. However, when the c-myb
(GGA), repeat was incubated with 100 mM KCl before DMS
treatment, we observed a significant decrease in the intensity of
the Gs corresponding to the GGA repeat located in R1 and R2
(Figure 3, lane 2), indicating that these guanines where partially
protected from DMS modification. We did not observe DMS
protection of the Gs located in the (GGA), repeat of Region 3, a
result also observed by others,”” suggesting that under these
conditions, the G4 structure in R3 may be formed but is unstable.
This was confirmed by performing DMS footprinting on oligo-
nucleotides in which G to C substitutions where introduced in
R1 or R2 to prevent G4 formation. Under these conditions, we
observed a significant decrease in the intensity of the Gs
corresponding to the GGA repeat located in R1 and R3
(Figure 3, lane 4), or in R2 and R3 (Figure 3, lane 6),
indicating that these guanines where partially protected from
DMS modification.

Mutational Analysis of the c-myb (GGA), Repeats Reveals
a Correlation between Polymerase Arrest and Quadruplex
Structure Formation. To further characterize the contribution
of structure formation to RNA polymerase arrest, we have
introduced mutations in the (GGA), repeats that prevent G4
DNA formation, followed by transcription assays. If G4 DNA
formation was responsible for transcription arrest at the c-myb
repeat, we expected to see that changing every G into C in
anyone of the three (GGA), repeats in the c-myb sequence,
would result in changes in the pattern and extent of transcription
arrest depending on which repeat was mutated. Indeed, we found
that when every G was mutated into C in region R1 or R2, and, as
a result, only regions R3-R2 or R3-Rl could fold into G4
structure (Figure 1B), only the RNA corresponding to arrest at
A19, the first base of the (GGA), repeat in R3, was observed
(Figure 4A, lanes 7—8). When every G was mutated into C in
region R3, and, as a result, only region R2-R1 could fold into G4,
only the RNA corresponding to arrest at A34, the first base of the
(GGA), repeat in R2 was observed. The extent of transcription
arrest at R3 (19 nt RNA) increased from ~70% to ~90% in the
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protection from DMS methylation in R2 and R3 in the presence of potassium.

R1 mutant, and from ~70% to ~95% in the R2 mutant (Figure 4B).
The extent of arrest at R2 (34 nt RNA) increased from ~25% to
~90% in the R3 mutant. Control transcription reactions carried
out on the same DNA substrates preincubated in the absence of
KCI (Figure 4A, lanes 1—5) or in the presence of 100 mM LiCl
(Figure 4A, lanes 11—15), ionic conditions that prevent G4
DNA formation in this repeat, produced mostly full-length RNA,
as expected. These results further suggest that G4 DNA for-
mation is implicated in the mechanism of arrest at the c-myb
(GGA), repeat.

A Single (GGA), Repeat Is Sufficient to Cause Transcrip-
tion Arrest. To assess whether the presence of one out of three
(GGA), repeats was sufficient to cause transcription arrest,
transcription substrates were prepared in which every G was
mutated into C in two out of three (GGA), repeats. If a T:H
module was sufficient for G4 DNA formation, we expected to see
arrest even when only one out of three repeats was present.”®
Transcription was carried out on these substrates and compared
to transcription on the wt sequence (Figure S). We found that an
intact region R3, region R2 or Region 1 was sufficient to cause
transcription arrest, as indicated by formation of a 19 nt, a 34 nt,
or a 49 nt RNA respectively (Figure SA, lanes 2—4). The extent
of transcription arrest at R3 (19 nt RNA) increased from ~70%
to ~90% in the R1-R2 mutant. The extent of arrest at R2 (34 nt
RNA) increased from ~25% to ~80% in the R1-R3 mutant. The
49 nt RNA, generated from transcription of the R2-R3 mutant,
corresponded to ~85% arrest (Figure SB).

The Two K™ Dependent Transcription Blocks Observed in
the c-myb (GGA), Repeat Are Sites of Transcription Arrest
and Not Transient Transcription Pauses. To determine
whether the two sites of transcription stalling observed after
preincubation of the DNA substrates with KCI represented a
transient pause or were instead an absolute block to RNA
polymerase progression, we have followed RNA synthesis
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as a function of time under single round or multiple round
conditions.** If the GGA repeat represented a permanent block
to T7 progression, we expected to see no change between RNA
species as a function of time, indicating that once the RNA
polymerase reached the structure, it could not continue tran-
scribing. If the GGA repeat was a transient pause instead, we
expected to see that the amount of nascent transcripts decreased
as a function of time, with corresponding increase of longer RNA
species corresponding to read-through products. We found that
the relative amount of nascent transcript R2 and R3, correspond-
ing to arrest at the GGA repeat in region 2 or in region 3, as well
as the runoff RNA, did not significantly change over time up to
30 min under single or multiple round conditions (Figure 6).
This result indicated that the two sites of transcription stalling
represented an absolute block to transcription elongation. We
calculated that the total amount of blockage at the c-myb
(GGA), triplet repeat sequence reached 70% under either single
or multiple round transcription conditions.

Transcription Arrest in the c-myb (GGA)4 Repeat Occurs in
Double-Stranded Substrates under Conditions Mimicking
the Concentration of Biomolecules and Potassium lons
Found in Cells. We have shown that under physiological
concentrations of potassium ions the c-myb (GGA), repeat
represents a strong block to T7 elongation. To closely reproduce
the in vivo situation, we have extended this analysis to test whe-
ther the potassium dependent-inhibitory effect on transcription
by the c-myb (GGA), repeat would also be observed in double-
stranded DNA templates. When DNA is double-stranded, the B
DNA form is favored over the quadruplex DNA conformation. In
agreement with these predictions, we found that when we
annealed the (CCT), repeat containing strand to the (GGA),
repeat strand in the presence of 100 mM KClI (Figure 7, lane 2)
transcription proceeded through the (GGA), repeat, suggesting
that under these conditions G4 DNA did not form in the c-myb
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Figure 4. T7 RNA polymerase transcription on DNA substartes
containing GGA — GCA mutations in R1, R2, or R3: (A) T7 RNA
polymerase transcription was carried on DNA substrates containing the
wt c-myb repeat (wt) or the c-myb repeat containing GGA — GCA
mutations in region 1 (R1), region 2 (R2), region 3 (R3), or R1, R2, R3
(R1—3). DNA substrates were annealed in the absence of KCI (lanes
1—5), in the presence of 100 mM KClI (lanes 6—10), or in the presence
of 100 mM LiCl (lanes 11—15). Sites of transcription arrest are marked
with arrows. (B) Quantitation of the transcription results from panel A,
lanes 6—10.

repeat. To promote the structural transition to G4 DNA under
conditions mimicking the intracellular environment, which is
characterized by high concentration of macromolecules (10—
40% of the total cellular volume), we have added increasing
concentrations of PEG 200 during the annealing of the DNA
complementary strands, followed by transcription. PEG 200 is a
molecular crowding agent that favors transition from duplex to
quadruplex DNA by excluded volume effects.**** We found that
addition of PEG 200 alone during annealing did not have any
effect on RNA polymerase progression, suggesting that G4 DNA
did not form in the c-myb repeat (Figure 7, lanes 3, S, 7, 9).
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Figure 5. T7 RNA polymerase transcription on DNA substrates
containing GGA — GCA mutations in R1-2, R1-3 or R2-3. (A) T7
RNA polymerase transcription was carried on DNA substrates contain-
ing the wt c-myb repeat (wt) or the c-myb repeat containing GGA —
GCA mutations in region 1 and 2 (R1-2), region 1 and 3 (R1-3) or
region 2—3 (R2-3). L: 10 bp DNA ladder. Sites of transcription arrest are
marked with arrows. (B) Quantitation of the transcription results from
panel A.

However, when increasing concentrations of PEG 200 up to 40%
were added in the presence of 100 mM KCl during the annealing
step, we observed formation of two short transcripts, correspond-
ing to arrest at R3 and R2, in addition to full-length RNA
(Figure 7A), as previously shown when transcription was carried
out with the single-stranded T7 substrate (Figure 2). Quantita-
tion of these transcripts indicated that the extent of arrest at R2 and
R3 in the double-stranded substrates reached 70% (Figure 7B).
Under the same experimental conditions, the presence of the
c-myb (GGA), repeat in the nontranscribed strand did not affect
transcription arrest by T7 RNA polymerase either in the presence
or absence of KCl and PEG 200, as indicated by synthesis of only
full-length RNAs (data not shown).

To confirm that the transcription templates were double-
stranded downstream of the G4 repeat and not an hybrid of ds
DNA at the promoter region followed by G4 DNA in one strand
and the other one unpaired, we have prepared dsDNA substrates
preincubated or not with KCI and PEG 200, to induce the G4
DNA structure, and we have digested them with restriction
enzyme Bfucl, which cuts DNA downstream of the c-myb
(GGA), repeat, before running transcription (Figure 8). We
reasoned that if the DNA was double-stranded downstream of
the G4 structure the restriction enzyme Bfucl would cut the
DNA, resulting in synthesis of a 76 nt runoff RNA, 7 nt shorter
than the runoff RNA obtained from transcription of the un-
digested substrate (Figure 8A). On the other hand, if the DNA
was not double-stranded downstream of the G4 structure, Bfucl
would not cut, thus resulting in synthesis of the same size 83 nt
runoff RNA as the Bfucl-uncut DNA substrate. We found that
transcription of the Bfucl cut DNA generated mostly the 76 nt
runoff RNA, and only a small fraction of the 83 nt runoff RNA,
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Figure 6. Time course of T7 RNA polymerase transcription on DNA substrates containing the GGA repeat region from the c-myb gene. (A) DNA
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transcription results obtained under single round or multiple round conditions (see text for details).

which represented less than 10% of the total runoff RNA the transcription substrates where mostly double-stranded down-
(76 nt +83 nt RNA, Figure 8, lanes 4 and 12), confirming that stream of the G4 structure.
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B DISCUSSION

correlations between the presence of this non-B DNA structure

and its effect on transcription, we have taken advantage of the

unique ability of T7 RNA polymerase to transcribe single-

stranded DNA templates and of the requirement of G4 DNA
4170

We have studied the effect of a G4-forming (GGA), repeat
sequence from the c-myb proto-oncogene on transcription
elongation by T7 RNA polymerase. In order to establish direct

dx.doi.org/10.1021/bi2002136 |Biochemistry 2011, 50, 4162-4172



Biochemistry

formation on single-strandedness and on the presence of potas-
sium ions.>> Assembly of the T7 transcription initiation complex
occurs on a transcription template composed of a double-
stranded T7 promoter and of a single-stranded DNA region,
containing a G quadruplex-forming sequence downstream of the
transcription start site. To promote G4 DNA formation and to
stabilize G quartets, core structural components of G4 DNA, T7
transcription substrates were assembled in the presence of KCL*®

Using this approach, we show that a G4-forming (GGA),
repeat from the human c-myb proto-oncogene is a strong block
to transcription by T7 RNAP. Two K dependent T?7 arrest sites
were observed that mapped at the beginning of the first (Region
3) and second (Region 2) (GGA), repeat (Figure 2). Consistent
with formation of G4 DNA in the c-myb (GGA), repeat, we
found partial protection from DMS methylation of the G residues
located in Region 1 and Region 2 in the wt sequence (Figure 3).
DMS protection was observed in Region 3 when base substitu-
tions where introduced to prevent G4 DNA formation in Region
2 or Region 1 of the transcription templates, suggesting that
under these conditions the G4-forming sequence in Region 3 is
the less stable, as previously reported by others.”*”*¢ Further
evidence that G4 DNA formed in our substrates was the finding
that substituting KCI with LiCl during the annealing reaction did
not have any significant inhibitory effect on T7 transcription
(Figure 4A). In addition, when we introduced base substitutions
in the GGA repeat sequences that are expected to prevent G4
DNA formation we found that they eliminated the transcription
block (Figures 4 and S). Our results are consistent with forma-
tion of a tetrad/heptad/heptad/tetrad (T:H:H:T) G quadruplex
structure in the wild type c-myb sequence between Region 3/2,
Region 3/1, and Region 2/1 of the c-myb GGA repeat, as
indicated by the presence of the 19 and 34 nt RNA and not of
the 49 nt RNA (Figure 2). However, we cannot exclude the
possibility that the lack of obvious stalling at R1 in the WT
sequence may be simply because the majority of transcripts were
blocked at R3 and R2 before reaching R1. It is unlikely that
structures other than G4 DNA may have been responsible for the
observed inhibitory effect on transcription since T7 arrest was
observed when transcription was proceeding on single-stranded
DNA molecules in the presence of KCI. In addition, the depen-
dence of T7 arrest on the presence of potassium ions strongly
suggests that a triplex or a hairpin structure was not the cause
of arrest in the double-stranded template, since formation of
theseiL a3l§ernative DNA structures is independent of the presence
of K™

The location of the arrest sites at the beginning of the GGA
repeats suggests that the G4 structure represents a physical
barrier to RNA polymerase progression. This conclusion is
further supported by our findings that the extent of transcription
arrest did not change with time under single or multiple round
transcription conditions (Figure 6).

When double-stranded substrates were annealed under con-
ditions mimicking the physiological concentrations of potassium
ions and biomolecules, both sites of transcription arrest where
observed, that mapped at the same location as those detected in
single-stranded DNA, suggesting that G4 DNA formation in the
transcription substrates was responsible for the inhibitory effect
on transcription. Our results represent the first direct evidence
showing that a G4 forming-sequence is a block to transcription in
double-stranded DNA. This effect was observed when double-
stranded substrates were annealed in the presence of 100 mM
KCI and concentrations of PEG 200 up to 40%. These PEG

concentrations are very similar to the physiological concentra-
tion of biomolecules (30—40%, w/v) in living cells,”**” suggest-
ing that the c-myb (GGA), repeat has the potential to fold into
G4 in vivo. The observation that this sequence is located in the
transcribed strand 17 nt downstream of the c-myb gene tran-
scription start site raises the possibility that formation of G4
DNA in the c-myb G repeat may directly control c-myb gene
expression by causing arrest of transcription elongation in vivo.
However, it is difficult to extrapolate the data obtained with the
viral polymerase to the eukaryotic enzyme. For this reason, we
will extend our studies to characterize the effect of the c-myb
repeat on transcription of the mammalian RNA polymerase.

When double-stranded substrates were utilized as transcrip-
tion templates, we found that transcription arrest occurred only
when the c-myb repeat was located in the transcribed strand
(Figures 7 and 8 and data not shown). Interestingly, the presence
of the c-myb repeat in the nontranscribed strand did not have any
detectable effect on RNA polymerase progression (data not
shown). This result suggests that the c-myb repeat may act as a
roadblock to polymerase movement along the DNA, impeding
addition of the next nucleotide when it reaches the catalytic site,
thus promoting polymerase arrest. This effect of the c-myb repeat
on transcription is reminiscent of the effect of DNA lesions on
transcription elongation and may implicate possible similarities
in the mechanism of transcription arrest at non B DNA com-
pared to that for DNA lesions. Only when lesions are located in
the transcribed strand of template DNA they affect RNA poly-
merase progression, suggesting that the presence of the lesion at
or near the catalytic site, where nucleotide addition occurs, plays
a critical role in transcription arrest. Similarly, the presence ofa G
quartet at or near the T7 catalytic site may represent an insur-
mountable barrier for the polymerase. On the other hand, the
presence of the structure in the nontranscribed strand may not be
as critical for the progression of the transcription complex,
although they may have a significant effect on the DNA structure.
Similarly, cisplatin-induced cross-links and benzopyrene diol-
epoxide-induced lesions only affect transcription when they are
located in the transcribed strand although they cause significant
effects on DNA structure.”®>”

Our findings that the c-myb G repeat is a strong block to
transcription when it is located in the transcribed strand raises the
possibility that this sequence may be recognized by repair proteins
as another form of endogenous DNA damage thus initiating a futile
cycle of repair in an otherwise undamaged DNA region. This
reiterative and futile repair cycle may generate mutations when
occurring in a highly transcribed gene, due to the natural error rate
of repair enzymes. This mechanism of gratuitous TCR has been
proposed as one of the mechanisms involved in generating
genomic instability associated with genomic regions with potential
to assume unusual DNA structures in vivo.'”*#**
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